Am. J. Physiol. 2 I 2 (6) : I #j4-1468. 1967. -Bronchial circulation and bronchopulmonary anastomoses have been studied in two groups of sheep native to the high Andes (above 4,000 m) and to the Peruvian coastal plain. The high altitude-adapted animals showed a decreased bronchial arterial flow as well as a reduction in the bronchopulmonary anastomotic flow going from the bronchial artery to the pulmonary circuit. Using indicator-dilution method, the existence of bronchopulmonary anastomotic flow from the pulmonary circuit to bronchial veins has been demonstrated in both groups of animals. The pharmacological responses of the bronchial circulation of the sheep are similar to those reported for other animal species.
high-altitude physiology; bronchopulmonary anastomoses I N SOME PATHOLOGIC or experimental conditions producing persistent anoxia, such as experimental ligation of the pulmonary artery (I 5, 2 I ), pulmonary embolism (I 4), and tuberculosis (6, g), the flow through bronchopulmonary anastomoses increases. It is therefore of interest to study the characteristics of the bronchial circulation and flow through the bronchopulmonary anastomoses in chronic hypoxia sustained by animals dwelling at high altitude. The present paper describes the findings in normal high-altitude and sealevel sheep and their response to some pharmacological agents. We have selected the sheep as our experimental animal because herds of those animals born and bred for generations in the high Andean plateau are easily available. Furthermore, it has been esiablished that the development of adaptative mechanisms tending to compensate for the prevailing low oxygen tension in the inspired air is most efficient in organisms native to the high altitudes, a process which has been called "natural acclimatization"
( r 1 -I 3).
MATERIAL AND METHODS
Sheep weighing 16-26 kg were used in the experiments. Two groups of animals were studied, one of them made up of sheep born and raised at sea level and the other of sheep born and raised at high altitudes (above 4,000 m). The experiments were carried out near the place of birth of the animals, in Lima, PerG at 150 m above sea level, and in Cerro de Pasco, Peru at 4,230 m above sea level. The following studies were performed in both groups.
Anatomical studies of the bronchial arteries. These studies consisted of gross dissection, intra-arterial injection of colored latex, and preparation of acrilic casts followed by corrosion by concentrate NaOH. Direct measurements of the bronchial arterial flow. The method of Horisberger and Rodbard (I o) was slightly modified in order to apply it to our experimental animal the sheep.
The sheep were anesthetized with pentobarbital and the upper segment of the descending aorta isolated by ligatures from its proximal and distal portions. The continuity of the aorta was maintained by means of a T glass connection.
The vertical branch of the T tube was connected to a Shipley-Wilson rotameter (22) and the latter to the isolated aortic pouch. From this segment of the aorta the bronchial arteries originate. The intercostal, mediastinal, and esophageal arteries were ligated so that the blood flowing through the isolated aortic segment is determined bv the flow through the bronchial arteries. Sodium heparine (IO mg/kg) was used as anticoagulant. Direct measurement of the bronchopulmonary flow. Sheep anesthetized with sodium pentobarbital and heparinized were used throughout.
The left branch of the pulmonary artery was ligated intrapericardically.
A cannula was connected distal to the ligature and was used to collect and measure the volume of blood that enters the pulmonary circuit through the bronchopulmonary anastomosis. The left pulmonary veins were also ligated to avoid reflux from the left atrium. The blood, after passing through a Shipley-Wilson rotameter, was collected under slight negative pressure and reinjected into the saphenous vein. .010* ,001
Indicator-dilution studies. The sheep were anesthetized as before. A method based on that of Cudkowicz et al. (7) and Aramendia et al. (2) for detecting anastomotic flow between the greater and lesser circulation was used. It consists of catheterizing the four cardiac cavities and registering independently the appearance time of the indicator colorant for both the lesser and greater circulation. Afterwards, the colorant was injected into one of the ventricles and blood was collected from the atrium of the same side. The procedure was then repeated on the other side. With this procedure a measurement of the total appearance time was obtained. This time must be the same regardless of the side of the heart where the injection of colorant and the withdrawal of samples were performed and should also be the same as the sum of the appearance times obtained for the lesser and greater circulations.
A correction for the time error arising from the period required for the sample to traverse the entire length of the catheter and reach the detector cuvette was always introduced.
A Waters densitometer connected to a Sanborn Poly-Viso was used throughout.
The colorant used was indocyanine green (Cardiogreen) at a dose of 3) The alveolar air was obtained as in 2, but the animals had one of the branches of the pulmonary artery cannulated for obtaining mixed venous blood.
Arterial blood samples were always obtained from the left carotid artery and all the determinations of Po2 were done using a Beckman blood-gas analyzer.
Pharmacology of the bronchial circulation. The effect of drugs upon the bronchial circulation was studied while measuring bronchial arterial flow and during our experiments on bronchopulmonary anastomoses. In the former case the drugs were injected intra-arterially and in the latter intravenously.
RESULTS
Anatomy. In both groups of sheep, those of sea level and those of high altitude, we have found the same macroscopic anatomy of the bronchial artery. It has a common origin with the esophageal artery in the medialdorsal portion of the descending aorta at the level of the fourth intercostal space. It continues in a medial-dorsal direction up to the tracheal bifurcation where it gives two branches, one for the right and one for the left bronchii. In one-third of the cases, the esophageal artery has an independent origin, and in some cases there are one or two anastomotic branches between the esophageal and the bronchial arteries. Direct measurement of bronchial arterial Jaw. Results are summarized in Table I l As shown in the table, the flow is lower in the high-altitude animals. The method used implies a severe surgical trauma which results in a drop in the systemic arterial blood pressure. It is noteworthy that the drop in arterial pressure was less pronounced in the high-altitude animals (see Table   I ).
These results agree with the higher resistance of acclimatized animals to tourniquet and burn shock (25). The fact that the systemic blood pressure is significantly different in the two groups of animals during the experimental procedure does not allow the drawing of solid conclusions about bronchial arterial flow unless a correcting factor is introduced in the calculations, as it has been shown that the bronchial arterial flow is determined largely by the level of aortic blood pressure (4).
In Table 2 we present the results, correcting the flow for animal weight and for arterial blood pressure. The resulting values equal the inverse of the resistance (conductance) of the bronchial circuit. We conclude that the resistance to bronchial flow of the animals from high altitudes is twice that of the sea-level group.
Direct measurement of anastomotic bronchopulmonary flow. The results are presented in Table 3 . The flow has been corrected for body weight and for blood pressure follow- ing the same criterion as before. As can be seen, bronchopulmonary flow of the sheep from high altitude is half of that from the sea-level animals.
The total bronchial arterial flow and the bronchopulmonary anastomotic flow (the latter measured in the left lung only) are almost equal. This seems to indicate that in the sheep the anastomotic flow that reaches the pulmonary circuit has other sources than that of the main bronchial artery such as the tracheal and pleural vessels. This is true for sea-level as well as high-altitude animals. Efect of some drugs on the bronchial circulation. Epinephrine and norepinephrine diminished the bronchial and bronchopulmonary flows in both the sheep from sea level and the sheep from high altitude.
Isoproterenol (up to 25 lug/kg) intra-arterially did not modify the bronchial arterial flow but increased the anastomotic flow. Acetylcholine increased both flows, and histamine increased the bronchial arterial flow. Comparing the effects of drugs in the two groups of sheep, there seems to be no differences, except with epinephrine which produces a lesser effect in the highaltitude animals.
Indicator-dilution method. The appearance times of the indicator obtained in sheep from sea level and sheep from high altitudes are presented in Table 4 . The appearance time for colorant injected into the right ventricle and collected from the right atrium must be, as previously mentioned, equal to the sum of the times of the lesser and greater circulations.
When comparing the results obtained in the different animals, it is possible to observe that in some of them the indicator appears at a time more or less equal to the calculated one, whereas in others it appears after a very short time. In five of the nine sea-level animals, an early peak appeared after a very short time. This also occurred in 4 out of IO animals from the high-altitude group. This finding indicates that it is possible to demonstrate the existence of a shunt from the pulmonary circuit to the bronchial veins in sheep. The quantitation of the shunt is very difficult due to the fact that the area under the curve of the early peak corresponding to the anastomotic flow merges with that of the nonanastomotic one. The circulatory time of the colorant injected into the left ventricle and collected from the left atrium also shows the existence of anastomotic flow from the greater to the lesser circulation corresponding to the bronchopulmonary anastomoses. This occurred in all of the sealevel animals and in 2 out of IO of the high-altitude group. Again, we were not able to quantitate the anastomotic flow.
Blood and alveolar air gases. The results are presented in Table 5 . As shown the alveolar-arterial oxygen gradient is higher in the animals from sea level. All the differences presented in the table are statistically  significant  and also  those between sea-level and high-altitude animals are significant.
The results presented here were obtained from sheep with the thorax opened and the pulmonary artery cannulated.
The results obtained from animals under other experimental conditions (as mentioned before in MATERIALS AND METHODS) do not differ significantly from those presented in Table 5 . It was impossible, in any case, to obtain blood when the catheter was wedged into the distal portion of the pulmonary artery.
DISCUSSION
Bronchial arterial flow. Our results indicate that under our experimental conditions the bronchial arterial flow of the sheep born and raised under chronic hypoxia in the high altitudes is lower than that of the animals from sea level. This finding is in sharp opposition to the reported increase in bronchial arterial flow accompanying certain conditions producing chronic anoxia such as ligature of the pulmonary artery (I 5, 2 I), pulmonary embolism (I 4), and pulmonary tuberculosis (6, 9). We feel that other factors besides that of chronic anoxia have to be considered in attempting to explain the cause of the increased bronchial arterial flow in the conditions above mentioned.
Bronchopulmonary anastomoses. In the bronchopulmonary anastomoses the blood can flow in two directions:
bronchial artery to pulmonary circuit and pulmonary circuit to bronchial veins. The existence of anastomotic flow going from the bronchial artery to the pulmonary circuit has been demonstrated in man and in various animal species. Several methods have been used for this purpose such as: a) measuring the flow that appears in the pulmonary circulation of one lung or in a pulmonary lobe after ligating the pulmonary artery and pulmonary veins (16, I 7, 2 I) ; b) injecting a tracer into the left ventricle or the upper portion of the aorta and registering its appearance in the left atrium (2); and c) the simultaneous perfusing of the left and right circulations (19, 24) and the simultaneous measuring of the output of the left and right ventricles (7).
In the present work the application of the first method indicates that in the sheep adapted to life in high altitudes, the anastomotic flow from the bronchial artery to the pulmonary circuit is lower than that of the sea-level animals. This decrease is accompanied by an increase in resistence. However, this may not occur in the intact animals due to the fact that the pulmonary circulation was annulled in the experiment.
In an attempt to obviate this objection we resorted to the injection of a tracer. Our results, injecting indocyanine green in the left ven- tricle and registering its appearance in the left atrium, seem to indicate that the diminution of anastomotic flow of the high-altitude sheep observed with the previous method indeed occurs in the intact animal. This is demonstrated by our finding that an early peak appeared in all of the sea-level animals and only in 2 out of IO of the high-altitude group. The anastomotic flow from the pulmonary circuit to the bronchial veins has been studied by some investigators (4, 5, 8) perfusing the bronchial artery and the pulmonary circuit. These studies showed that in the perfused circulations up to 3 % of the blood entering the pulmonary circuit can be recovered from the right atrium.
Other methods such as heart-lung bronchial preparation (I) and lung perfusion with marked erythrocytes (20) have yielded similar results. However, it has not been possible to show that this occurs in the intact animal. Aramendia et al., (2) using indicator dilution methods, were able to demonstrate an early peak in cases in which an artificial shunt was experimentally produced. However, they concluded that the method was not good enough to detect a slow anastomotic flow because of the possibility of merging of the indicator dilution curves. We have observed in half of the animals, both from sea level and high altitudes, that when the colorant was injected in the right ventricle it appeared in the right atrium at a considerably shorter time than that required
